The compliance of a Charpy impact machine, CM, can be measured by means of a low-blow elastic test on an unnotched Charpy-type specimen, provided an instrumented striker is used. The resulting force/time and force/displacement test records can be analyzed according to three methods originally suggested by D. R. Ireland in 1973, each one resulting in an independent value of machine compliance. The three values are expected to be in agreement with each other within 10 %.
Introduction
Although the earliest known paper dealing with force measurements during an impact test [1] appeared one year earlier than the first pendulum machine publication [2] , instrumented impact testing is often considered to be a relatively recent technical development of Charpy testing. In reality, it started to gain popularity in the technical community in the early 20's, when it was considered a sort of laboratory curiosity [3] . However, it was in the 50's and 60's that the scientific community recognized that a more accurate understanding of the dynamic fracture process could be achieved only by instrumenting the pendulum machine, and more specifically by applying strain-gages to the striker in order to determine force/time and force/deflection records.
Nowadays, instrumented impact tests on Charpy V-notch specimens are standardized in international test standards such as ISO 14556 [4] and ASTM E2298 [5] . According to these standards, the analysis of an instrumented Charpy test consists of the determination of characteristic time, force, displacement, and absorbed energy values corresponding to the following events ( Figure 1 ):
 general yield, or yielding across the entire specimen ligament;  maximum force;  initiation of brittle (unstable) fracture;  arrest of brittle (unstable) fracture, or crack arrest;  test termination. Fully brittle specimens (lower shelf behavior) do not exhibit general yield, and typically maximum force coincides with the initiation of unstable fracture. Furthermore, the force at crack arrest is normally equal to zero. Fully ductile specimens (upper shelf behavior), on the other hand, do not exhibit unstable fracture.
Figure 1 -Example of instrumented Charpy test record for a specimen tested in ductile-to-brittle transition regime.
More recently, dynamic toughness measurements on fatigue precracked Charpy specimens were standardized as a mandatory annex (Annex A17) of the ASTM E1820 standard for the Measurement of Fracture Toughness [6] . In accordance with this procedure, instrumented impact tests of the type shown in Figure 1 are analyzed to determine values of stress intensity factor (K) at impact loading rates. A similar standard is currently being developed by an ISO subcommittee, and should be soon officially published.
Although the elastic slope of the force/displacement test record is not explicitly mentioned by either ISO 14556 or ASTM 2298 as one of the test parameters to be reported, it is nevertheless a quantity which needs to be determined in order to establish the point corresponding to general yield: according to ASTM E2298 ( §11. 4 
.1), "The force Fgy is defined as the force at the intersection of the linear elastic part of the force-displacement curve, discarding inertia peak(s), and the fitted curve through the oscillations of the force-displacement curve following the onset of general yielding of the uncracked ligament."
In the initial elastic portion of an instrumented Charpy test, several force oscillations are observed, depending on the impact velocity and on the frequency response of the acquisition system. The first oscillation always corresponds to the inertia peak, which is caused by the temporary loss of contact between striker and specimen, induced by the acceleration of the specimen from rest [7] . In some instances, only one additional force oscillation (peak) is observed before the onset of general yielding, and the rising part of the second peak can be used for the establishment of the elastic slope of the test record, as in the example of Figure 1 (yellow line). This is the circumstance addressed by ISO 14556:2000, which refers to "the steeply rising part of second peak of the force-displacement curve" (clause 9.3).
However, in most cases instrumented test records exhibit more than one force oscillation before general yield, as in the actual instrumented test shown in Figure 2 . Hence, the determination of the elastic slope in this case will significantly depend on the selection of which peaks belong to the elastic portion, and this selection is, unfortunately, dependent on the analyst's subjective opinion. 
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A more accurate, reproducible, and less subjective determination of the elastic slope of an instrumented Charpy test record is a key factor to decrease the uncertainty in the determination of the force at general yield (Fgy), which is needed in several important applications such as the evaluation of dynamic yield strength [8] and the estimation of shear fracture appearance [9] .
The elastic slope of an instrumented Charpy force/displacement curve contains two separate contributions, and can be expressed either in terms of overall (system) compliance, in units of mm/kN, or overall (system) stiffness, in units of kN/mm. We will use compliance in this investigation. The two components of experimental compliance, Cexp, are:
 specimen compliance, CS; and  machine compliance, CM. For a Charpy-V notch specimen, CS in mm/kN can be calculated from:
( 1) where: E is the material's elastic modulus at the test temperature (in MPa); B is the specimen thickness (in mm); S is the span, or distance between the machine anvils (in mm); W is the specimen width (in mm); a is the notch depth (in mm); and 
For a typical Charpy specimen of steel with nominal dimensions (B = W = 10 mm, a = 2 mm), tested at room temperature (E = 207,000 MPa) on a machine with S = 40 mm, the compliance yielded by Eq. 1 is CS = 0.011393 mm/kN, which corresponds to a specimen stiffness of 87.8 kN/mm.
The compliance of a Charpy pendulum machine can be determined by means of an instrumented low-blow test 1 on an unnotched Charpy specimen, according to a fundamental paper published by D. R. Ireland in 1974 [10] . The measurement of the compliance of several Charpy machines located in the NIST Charpy lab in Boulder, Colorado is the subject of this Internal Report.
Measurement of the compliance of a Charpy impact machine
As suggested by Ireland [10] , the instrumented low-blow test on an unnotched Charpy specimen is the recommended procedure to measure machine compliance. Note that a low-blow test can also be performed on a notched specimen, however the presence of the notch introduces additional uncertainty and potential for experimental scatter, and therefore we decided to use exclusively unnotched specimens.
In a low-blow test, the pendulum hammer is dropped from a height such that the maximum available (potential) energy, W0, is less than that required to produce any permanent 4 damage in the specimen, including any indentation-type deformation at the specimen load points. The specimen compliance of the unnotched specimen has to be accurately known from elastic beam theory, accounting for all possible contributions (tension, compression, and shear).
For an unnotched specimen (bar with square or rectangular cross section), the compliance CS(u) is given by:
where I, the area moment of inertia, is expressed as: A typical instrumented force/time record for a low-blow test on an unnotched 10 × 10 mm 2 specimen is shown in Figure 3 . There are three methods for determining machine compliance, CM, from this record.
Method 1 [11] Determine the initial linear slope of the curve ( 
Method 2 [12]
The available potential energy W0 in the low-blow test is the sum of the elastic energy contributions from the machine (WM) and the specimen (WS(u)):
where: Fm = maximum force (see Figure 3) , dM = effective elastic deformation of the machine at maximum force, and dS = specimen deflection (displacement) at maximum force.
For an elastic test, the relationship between force and deflection for the specimen is expressed as:
which for the machine can be written as:
Eqs. 6, 7, 8 can be reduced to: If we assume the interaction hammer/specimen to be a vibrating mass on a spring, the force/time record of the low-blow test becomes a half-oscillation of the system. The time t corresponding to this half-cycle is related to the hammer mass m and the machine/specimen compliance Cexp by:
which, based on eq. 5, can be written as:
and finally reduces to:
with: g = acceleration of gravity (m/s) and W = effective hammer weight (kg).
Ireland reports that typical values of CM range between 0.0086 mm/kN and 0.0114 mm/kN [10] ; for a specific machine, the three methods should yield CM values which agree within 10 % [14] .
Compliance measurements for the NIST Charpy machines
In accordance with the approaches outlined above, we measured the compliance of four large-scale Charpy impact machines, all located at NIST in Boulder Colorado. In addition, we performed compliance measurements on a small-scale table-top machine, also located in the Boulder lab, used for instrumented impact tests on miniaturized specimens of two different configurations (KLST and RHS) [15] .
For each machine, three instrumented low-blow tests were performed on unnotched specimens, whose dimensions had been previously measured by means of a calibrated caliper to a precision of 0.01 mm. The results of the dimensional measurements are collected in Table 2 , which also provides the values of the area moment of inertia (I) and specimen compliance (CS(u)) from eqs. 3 and 4. Each cross section dimension (B and W) was measured in three positions, and the average value was used in the calculations. The input parameters which were needed to calculate machine compliance in accordance with the three methods described in Section 2 are the following:
 mass of the pendulum hammer, m (N);  potential energy, W0 (J);  hammer falling height, h (mm);
 hammer falling angle,  (°); and
The initial experimental compliance, Cexp, to be used for Method 1 (eq. 1), was obtained by linearly fitting the initial portion of the instrumented force/displacement test records, discarding any early oscillations arising from the first contact between hammer and specimens (see an example in Figure 4 ). The range to be linearly fitted was chosen subjectively by the author. 
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The maximum force, Fm, to be used for Method 2 (eq. 9) was obtained by fitting the middle portion of the force/time record with a 2 nd -order polynomial ( Figure 5 ). Finally, the time t of the half cycle, to be used for Method 3 (eq. 12), was determined by first linearly fitting the initial and final part of the force/time record, and then calculating the distance between the two intercepts with the time axis ( Figure 5 ). The three low-blow tests were performed on the unnotched specimen designated CVN-1 ( Table 2 ). The remaining parameters used for the calculations of machine compliance are listed in Table 3 . For machine TO2, all the methods provide reliable and consistent compliance values. Method 1 exhibits the largest scatter, caused by the scatter in the determination of the experimental compliance from the linear portion of the force/displacement test records.
The three methods (based on the average values from the three low-blow tests) yield compliance values well within 10 % (as recommended by Ireland [10] and Turner [14] ).
On the basis of our results, we can assume the average value of the three low-blow tests and the three calculation methods as the TO2 machine compliance at room temperature: 0.01252 mm/kN.
TO3 machine (instrumented striker: JS1)
This machine has a maximum potential energy of 407.83 J, a maximum impact velocity of 5.48 m/s, and a hammer weight of 266.3216 N (effective hammer mass W = 27.18 kg). The TO3 machine is structurally similar to TO2, and utilizes the same instrumented striker (JS-1).
The three low-blow tests were performed on the unnotched specimen designated CVN-3 ( Table 2 ). The remaining parameters used for the calculations of machine compliance are listed in Table 5 . The result of the calculations, including maximum deviations between methods and low-blow tests, are provided in Table 6 . We see no reason to exclude any of the three methods from the calculations of machine compliance. Therefore, we can assume the average value of the three low-blow tests and the three calculation methods as the TO3 machine compliance at room temperature: 0.01224 mm/kN.
MPM-700 machine (instrumented striker: JS-1M)
This machine has a maximum potential energy of 953.56 J, a maximum impact velocity of 5.47 m/s, and a hammer weight of 625.84 N (effective hammer mass W = 63.86 kg).
The three low-blow tests were performed on the unnotched specimen designated CVN-2 ( Table 2 ). The remaining parameters used for the calculations of machine compliance are listed in Table 7 . The result of the calculations, including maximum deviations between methods and low-blow tests, are provided in Table 8 . For machine MPM-700, extremely consistent results and very low deviations (less than 2 %) were obtained for all methods and low-blow tests.
We can reliably assume the average value of the three low-blow tests and the three calculation methods as the MPM-700 machine compliance at room temperature: 0.00980 mm/kN. This machine is significantly less compliant (i.e., stiffer) than both TO2 and TO3.
T-K machine (instrumented striker: MPM-S-79)
This machine has a maximum potential energy of 359.52 J, a maximum impact velocity of 4.89 m/s, and the hammer mass is m = 295.87 N (effective hammer weight W = 30.11 kg).
The three low-blow tests were performed on the unnotched specimen designated CVN-4 ( Table 2 ). The remaining parameters used for the calculations of machine compliance are listed in Table 9 . Table 9 -Parameters used for the calculation of the compliance of machine T-K. The result of the calculations, including maximum deviations between methods and lowblow tests, are provided in Table 10 . Table 10 reveals that for machine T-K, Methods 1 and 2 yield very large deviations between the three low-blow tests performed. In addition, all maximum deviations between individual methods are also larger than 10 %.
Table 10 -Results of compliance calculations for machine T-K.
The instrumented striker used for the T-K machine has structural issues that require replacement of the instrumentation. The reliability of the static calibration of MPM-S-79 is therefore questionable, and as a consequence both Method 1 (which uses Cexp, determined from the force/displacement record) and Method 2 (which uses the maximum force Fm) cannot be used for machine compliance determination. On the other hand, Method 3 only uses a machine characteristic, such as W, and the time-based parameter t (see eq. 12). The low scatter obtained for Method 3 for the three low-blow tests corroborates this approach.
As a consequence, we will provisionally use the average value of Method 3 as the compliance of the T-K machine: 0.00927 mm/kN. Once the striker has been regaged, the machine compliance measurements will be repeated.
Table-Top machine (instrumented striker: KLST)
The Table- Top machine is a small-scale pendulum, used for testing miniaturized Charpy specimens. The machine, equipped with the hammer and instrumented striker for KLST specimens (3 mm × 4 mm × 27 mm), has a maximum potential energy of 50.15 J, a maximum impact velocity of 3.50 m/s, and a hammer weight of 79.578 N (effective hammer mass W = 8.12 kg). The instrumented striker for KLST specimens is designated MPM-S-68.
The three low-blow tests were performed on an unnotched specimen with nominal cross section dimensions of 3 × 4 mm 2 designated KLST-1 ( Table 2 ). The remaining parameters used for the calculations of machine compliance are listed in Table 11 . The result of the calculations, including maximum deviations between methods and low-blow tests, are provided in Table 12 . It is interesting to note that the deviations between the three methods are larger than the repeatability between the three low-blow tests.
We find no technical reason to exclude any of the three methods from the calculations of machine compliance. Therefore, we can assume the average value of the three low-blow tests and the three calculation methods as the room temperature compliance of the Table-Top machine with KLST hammer and striker: 0.08712 mm/kN.
We note that the compliance of this small-scale machine is significantly larger than any of the larger-scale (higher capacity) Charpy machines considered in this study.
Table-Top machine (instrumented striker: RHS)
The Table- Top machine, equipped with the hammer and instrumented striker for RHS specimens (4.83 mm × 4.83 mm × 24.13 mm), has a maximum potential energy of 50.80 J, a maximum impact velocity of 3.50 m/s, and a hammer weight of 80.467 N (effective hammer mass W = 8.21 kg). The instrumented striker for RHS specimens is designated MPM-S-67.
The three low-blow tests were performed on an unnotched specimen with nominal cross section dimensions of 3 × 4 mm 2 designated RHS-1 ( Table 2 ). The remaining parameters used for the calculations of machine compliance are listed in Table 13 . The result of the calculations, including maximum deviations between methods and low-blow tests, are provided in Table 14 . All the deviations calculated between different methods or different tests are lower than 10 %, and therefore no technical reason can be found to exclude any of the three methods for machine compliance calculation. The average value of the three low-blow tests and the three calculation methods can be assumed to represent the room temperature compliance of the Table-Top machine with RHS hammer and striker: 0.02696 mm/kN.
We note that, based on our compliance measurements, this small-scale machine is more than three times stiffer when equipped with the RHS hammer and striker than when equipped for testing KLST specimens, even though the hammer masses are only marginally different (8.12 kg and 8.21 kg).
Summary of compliance values for the NIST Charpy machines
Based on the calculations detailed above, Table 15 summarizes the values of machine compliance, CM, at room temperature for the NIST impact testing machines, and the expected values of experimental compliance (13) where specimen compliance, CS, was calculated by means of eq. 1 assuming nominal dimensions for both full-size (CVN) and miniaturized (KLST or RHS) Charpy specimens. The values of Cexp in Table 15 are the approximate values one should expect to obtain when analyzing the linear portion of an instrumented force/displacement record (at room temperature), for instance when determining the force at general yield.
The calculated values of machine compliance for the large-scale machines (TO2, TO3, MPM-700, and T-K) are close to the range indicated by Ireland in [10] , i.e., 0.0086 mm/kN to 0.0114 mm/kN. An interesting observation emerges from the examination of Table 15 , in that machine compliance appears to be independent of machine capacity or hammer mass. To substantiate this statement, we remark that TO2 and TO3 have approximately the same compliance, even though TO3 has 14 % higher capacity (potential energy). Even more significant is the fact that the T-K machine, whose capacity is less than 40 % that of the MPM-700 machine, has very similar compliance. Incidentally, the T-K machine is the only one which has a C-type hammer and Ishaped beam, whereas all the remaining large-scale pendulums have U-type hammers and hollow-tube beams. Machine design and hammer type might therefore play a significant role in determining the compliance of a Charpy machine.
Oftentimes, Charpy tests are performed in a range of temperatures, for example when determining ductile-to-brittle transition temperatures for a material. In this case, values of experimental compliance at different test temperatures are useful for the experimentalist who analyzes the instrumented test records. In Annex 1, we have collected such values for all the NIST instrumented Charpy systems, for temperatures ranging from -180 °C to 300 °C, and for all the possible Charpy specimen types that can be tested on that system (full-size, sub-size, or miniaturized). Prior knowledge of the elastic slope that should be measured can help the analyst to select the optimal elastic fitting range when determining the point of general yield.
5.
Use of machine compliance for the dynamic calibration of Charpy instrumented strikers
The conventional procedure for calibrating an instrumented Charpy striker, i.e. establishing the analytical relationship between force applied to the striker and strain-gage response, is a static calibration, preferably performed with the striker built into the hammer assembly. By applying different values of force to the striker in a configuration similar to the striker/specimen interaction during a test, the corresponding values of electrical output from the strain-gages are recorded and eventually fitted as a function of applied force.
The knowledge of the compliance of a Charpy machine offers an alternative approach to what Ireland called "dynamic calibration of an instrumented tup" [10] . The principle consists in matching a calculated peak impulse force, from an elastic low-blow test, with that obtained from the instrumented signal.
If the impact is entirely elastic, the maximum force is calculated from the following relationship, which is valid for elastic energy absorption:
where W0 is the maximum available kinetic energy. In principle, multiple values of Fm can be verified by varying the initial potential energy W0 and therefore establishing the relationship between applied force and strain-gage output. Obviously, care must be exercised to avoid plastic deformation at higher force values.
For the Charpy test systems (i.e., impact machines + instrumented strikers) considered in this investigation, the dynamic conversion factors listed in Table 16 were obtained by substituting in eq. 14 the values of W0, CM, CS obtained in the previous sections. The table compares dynamic conversion factors (Cdyn) to the static conversion factors (Cstat) previously obtained from statically calibrating the instrumented strikers, and also provides the percent differences between the two conversion factors. The dynamic conversion factors are systematically lower than the corresponding static conversion factors, with differences in all cases lower than 5 %. The small difference (2.4 %) between the values of Cdyn calculated for the JS1 striker when assembled on the TO2 machine and on the TO3 machine is only due to experimental uncertainties associated to the determination of the various parameters in eq. 14.
Conclusions
The compliance of all the instrumented Charpy systems (impact machines + instrumented strikers + acquisition systems) located at NIST in Boulder was measured by means of low-blow elastic tests on unnotched Charpy-type specimens. The instrumented force/time and force/displacement records of these low-blow tests were analyzed in accordance with the analytical procedure proposed by D. Ireland in a fundamental publication from 1974 [10] .
For most Charpy systems, machine compliance can be obtained as the average of three separate values based on different analytical methods, and the expectation is that these three methods would provide compliance values which agree within 10 %. This was found to be the case for only half of the investigated NIST Charpy systems (machines + acquisition system). In most cases, good repeatability was found when comparing results for the three low-blow tests that were performed on each of the machines.
It was observed that machine compliance does not depend on initial potential energy or hammer weight, but on the structural characteristics of the machine and the hammer design (striker and beam).
Knowledge of the machine compliance, and therefore of the elastic slope that should be measured from the early portion of an instrumented Charpy test record, is expected to increase the accuracy in the determination of the point of general yield.
Machine compliance can also be used for calculating the conversion factor between the output of the instrumented striker and the applied force. For the NIST Charpy systems, these dynamic conversion factors are systematically lower than those established by statically calibrating the strikers, although the difference is always lower than 5 %.
ANNEX 1 Tables of Experimental Compliance Values for the NIST Charpy Systems
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